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Edited by Vladimir SkulachevAbstract This study deals with mitochondrial energy eﬃciency
in liver and skeletal muscle mitochondria in 15 days cold exposed
rats. Cold exposure strongly increases the sensitivity to uncou-
pling by added palmitate of skeletal muscle but not liver mito-
chondria, while mitochondrial energy coupling in the absence
of fatty acids is only slightly aﬀected by cold in liver and skeletal
muscle. In addition, uncoupling protein 3 content does not follow
changes in skeletal muscle mitochondrial coupling. It is therefore
concluded that skeletal muscle could play a direct thermogenic
role based on fatty acid-induced mild uncoupling of mitochon-
drial oxidative phosphorylation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Exposure of rats to low environmental temperatures induces
physiological changes that are directed towards an enhanced
tolerance to cold. In particular, cold exposure is accompanied
by an oxygen consumption stimulation in a number of tissues
[1–3], coupled with an increase in serum levels of non-esteriﬁed
fatty acids (NEFA) [4], which represent the principal fuel oxi-
dised during cold exposure [5]. Fatty acids have a great impact
on cellular energy metabolism, since they serve as metabolic
fuels and are responsible for so-called ‘‘mild uncoupling’’ of
oxidative phosphorylation [6–8]. This process is based on the
diﬀusion of protonated fatty acids into mitochondria, coupled
with the transport of the fatty acid anion out of the mitochon-
dria through various carriers, such as the adenine nucleotide
translocase (ANT) and glutamate–aspartate carrier. In addi-
tion, it is well known that the eﬃciency of the mitochondrial
machinery depends on the presence of a basal proton leak
pathway, futile cycling of protons across the inner mitochon-
drial membrane [9], which has been reported to account forAbbreviations:UCP1,uncouplingprotein1;UCP3,uncouplingprotein3;
ANT, adenine nucleotide translocase; NEFA, non-esteriﬁed fatty acids;
CAT, carboxyatractyloside; COX, cytochrome oxidase; SNS, sympa-
thetic nervous system
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doi:10.1016/j.febslet.2005.02.044about 20% of resting metabolic rate in rats [10]. The combina-
tion of basal proton leak and fatty acid-induced uncoupling
thus contributes to the eﬃciency of the mitochondrial system.
In brown fat, i.e., the principal tissue involved in cold-
induced heat production in rodents [1], thermoregulatory
uncoupling of mitochondrial oxidative phosphorylation
increases during cold exposure, due to an increase in the H+
permeability of the inner membrane catalysed by uncoupling
protein 1 (UCP1) [1].
Skeletal muscle is also thought to be involved in regulatory
thermogenesis [11,12], cold exposure-induced uncoupling in
the skeletal muscle (but not in the liver) mitochondria of pi-
geons has been reported [13,14] and experimental evidences
are in favour of the involvement of the liver in cold-induced
hypermetabolism [2,15]. However, it remains to be clariﬁed
whether cold exposure perturbs the coupling of oxidative phos-
phorylation in rat liver and skeletal muscle mitochondria. In
fact, data obtained in the liver have given controversial results
[16,17] and experiments showing the existence of thermoregu-
latory uncoupling in isolated skeletal muscle mitochondria
have been obtained only after a short-term (24 h) cold
exposure [18].
Based on the above considerations, the aim of the present
study was to assess whether changes in mitochondrial eﬃ-
ciency in liver and skeletal muscle occur after 15 days of cold
exposure. To this end, we have measured the basal proton leak
and fatty acid-induced uncoupling. The recoupling eﬀect of
carboxyatractyloside (CAT) and glutamate has been also
tested, to assess the contribution of ANT and glutamate–
aspartate carrier to fatty acid-induced uncoupling. Finally,
we have measured by Western blot analysis skeletal muscle
mitochondrial content of uncoupling protein 3 (UCP3), which
has been implicated in skeletal muscle mitochondrial uncou-
pling induced by cold exposure [18].2. Materials and methods
Male Wistar rats obtained from Charles River (Calco, Como, Italy)
were divided into two groups each composed of eight rats, with similar
mean body weight (about 200 g). One group of eight rats was housed
at 24 C (control rats), while the other animals were maintained in a
cold room at 4 C for 15 days (cold exposed rats). All the rats were
housed under an artiﬁcial circadian 12-h light/12-h dark cycle, with
ad libitum access to water and a standard stock diet (Mucedola
4RF21, Settimo Milanese, Milan, Italy) before being killed. Animal
care, housing and killing met the guidelines of the Italian Health
Ministry.blished by Elsevier B.V. All rights reserved.
Table 1
Respiratory rates, COX activity and ANT content in liver and skeleta
muscle mitochondria isolated from control and cold exposed rats
Control rats Cold exposed rats
Liver
State 3
ngatoms O/min ·mg protein
207 ± 14 179 ± 7
State 4
ngatoms O/min ·mg protein
31.9 ± 1.5 29.0 ± 1.9
RCR 6.5 ± 0.5 6.2 ± 0.3
COX speciﬁc activity ngatoms
O/min ·mg protein
1173 ± 53 1289 ± 99
ANT content nmol/mg protein 0.517 ± 0.039 0.484 ± 0.016
Skeletal muscle
State 3
ngatoms O/min ·mg protein
839 ± 20 759 ± 33
State 4
ngatoms O/min ·mg protein
182 ± 10 160 ± 9
RCR 4.6 ± 0.2 4.8 ± 0.1
COX speciﬁc activity ngatoms
O/min ·mg protein
7149 ± 593 7445 ± 486
ANT content nmol/mg protein 3.43 ± 0.14 3.06 ± 0.15
Values are means ± S.E.M. of eight diﬀerent experiments.
COX, cytochrome oxidase; ANT, adenine nucleotide translocase
RCR, respiratory control ratios.
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with chloral hydrate (40 mg per 100 g body weight) and killed by
decapitation. Liver and hind leg muscles were rapidly removed and
used for preparation of isolated mitochondria, as previously reported
[19,20]. Brieﬂy, liver mitochondria were isolated using a medium con-
taining 220 mM mannitol, 70 mM sucrose, 20 mM HEPES, pH 7.4,
1 mM EDTA, and 0.1% (w/v) fatty acid-free bovine serum albumin
(BSA) and ﬁnally suspended in a medium containing 80 mM KCl,
50 mM HEPES, pH 7.0, 5 mM KH2PO4, 1 mM EGTA, and 0.1%
(w/v) fatty acid-free BSA. Skeletal muscle mitochondria were isolated
in a medium containing 100 mM KCl, 50 mM Tris, pH 7.5, 5mM
MgCl2, 1 mM EDTA, 5 mM EGTA, and 0.1% (w/v) fatty acid-free
BSA and ﬁnally resuspended in a medium containing 250 mM sucrose,
50 mM Tris, pH 7.5, and 0.1% (w/v) fatty acid-free BSA.
Oxygen consumption, cytochrome oxidase (COX) speciﬁc activity,
and ANT content were measured polarographically in isolated liver
[19] and skeletal muscle [21] mitochondria as previously reported.
Basal proton leak kinetics were obtained by sequential additions of
malonate up to 5 mM and parallel measurements of mitochondrial
oxygen consumption by using a Clark-type electrode and membrane
potential by using safranin O and a JASCO dual-wavelength spectro-
photometer (511–533 nm). Measurements were carried out at 30 C in
a medium containing 80 mM LiCl, 50 mM HEPES, 5 mM Tris–PO4,
1 mM EGTA, and 0.1% (w/v) fatty acid-free BSA, pH 7.0, for liver,
and 30 mM LiCl, 6 mM MgCl2, 75 mM sucrose, 1 mM EDTA,
20 mM Tris–PO4, pH 7.0, and 0.1% (w/v) fatty acid-free BSA for skel-
etal muscle, in the presence of succinate (10 mM), rotenone (3.75 lM),
oligomycin (2 lg/ml), safranin O (83.3 nmol/mg) and nigericin (80 ng/
ml).
Palmitate-induced proton leak was estimated from titration of respi-
ration by sequential addition of malonate up to 600 lM. Mitochon-
drial membrane potential and oxygen consumption were measured
as above in the presence of succinate (10 mM), rotenone (3.75 lM), oli-
gomycin (2 lg/ml), safranin O (83.3 nmol/mg), and 75 lM or 65 lM
palmitate for liver or skeletal muscle mitochondria, respectively.
Contribution of ANT, glutamate–aspartate carrier, and other sys-
tems to uncoupling eﬀect of palmitate was assessed by measuring the
recoupling eﬀect of CAT (10 nmol/mg protein) for ANT, glutamate
(7 mM) for glutamate–aspartate carrier, and BSA (0.4%, w/v) for other
systems. Membrane potential in the presence of palmitate was mea-
sured with the same procedure as above. When a steady state level
was reached, the eﬀect of CAT, glutamate, and BSA (which were
added in sequence) was tested.
Mitochondrial protein content of UCP3 was estimated by Western
blot as previously reported [21], by using a polyclonal antibody (Chem-
icon International, Temecula, CA, USA).
Data are given as means ± S.E.M. Statistical analyses were per-
formed by unpaired Students t-test. Correlation between selected
parameters was performed by non-linear regression analyses. Probabil-
ity values less than 0.05 were considered to indicate a signiﬁcant diﬀer-
ence. All analyses were performed using GraphPad Prism (GraphPad
Software Inc., San Diego, CA, USA).
ADP, succinate, rotenone, nigericin, oligomycin, glutamate, malon-
ate, palmitic acid, safranin O were purchased from Sigma Chemical
Co., St. Louis, MO, USA. CAT was purchased from Calbiochen
(San Diego, CA., USA). All the other reagents were of the highest pur-
ity commercially available.3. Results and discussion
In this study, we have examined the eﬀect of cold exposure
on rat liver and skeletal muscle mitochondrial activity and
eﬃciency.
It is well known that cold exposure leads to adaptive changes
in liver [2,15], which is an important centre of intermediary
metabolism. However, it remains to be clariﬁed if cold expo-
sure perturbs the coupling of oxidative phosphorylation in
rat liver mitochondria, since there are controversial results,
which reported no variation [16] or a decrease [17] in mito-
chondrial eﬃciency in cold exposed rats. The results of the
present study show that no variation in mitochondrial respira-l
;tory rates, using succinate as substrate, COX activity, and
ANT content was found in liver mitochondria isolated from
control and cold exposed rats (Table 1). On the other hand,
we found that cold exposure was accompanied by a reduction
in hepatic mitochondrial basal and palmitate-induced proton
leak (Fig. 1), with a following increase in mitochondrial energy
eﬃciency. In addition, cold exposure increased ANT contribu-
tion to uncoupling, whereas glutamate/aspartate contribution
to uncoupling was reduced (Table 2), in agreement with the
observation of an increased hepatic ANT activity in cold ex-
posed rats [22].
The above variations in proton conductance do not support
mitochondrial uncoupling in the postulated contribution of the
liver to cold-induced thermogenesis, in contrast with previous
ﬁnding [17]. This discrepancy could be due to the diﬀerent sex
of the rats (male in the present work, female in [17]), and there-
fore to possible diﬀerences in body lipid stores and/or thermo-
genic responses of brown fat and skeletal muscle. In addition,
it is important to underline that the above cited study does not
report measurements of the kinetics of basal and fatty acid-in-
duced proton leak.
Another implication of increased hepatic mitochondrial
coupling in cold exposed rats is that less substrates need
to be burned to obtain ATP, so that energy can be saved.
This mechanism would have a survival value in ancestral
cold environment with scarse food availability. The in-
creased hepatic mitochondrial coupling observed in cold ex-
posed rats could also help in explaining the increased
oxidative damage as well as increased H2O2 production
exhibited by mitochondria in this condition [23]. In fact,
one of the postulated physiological roles for the partial
uncoupling of oxidative phosphorylation is to limit reactive
oxygen species production by the respiratory chain [24]. If
so, increased oxidative damage found in liver mitochondria
during cold exposure is an obligatory cost to be paid when
increasing eﬃciency of ATP production.
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Fig. 1. Kinetics of basal (A) and palmitate-induced (B) proton leak in
liver mitochondria from control and cold exposed rats. Results are
reported as means ± S.E.M. of eight diﬀerent experiments. Compar-
ison of non-linear regression curve ﬁts showed a signiﬁcant diﬀerence
in cold exposed rats, compared to controls (P < 0.01 for basal leak,
P < 0.0001 for palmitate-induced leak).
1980 M.P. Mollica et al. / FEBS Letters 579 (2005) 1978–1982It is well known that the uncoupling of oxidative phos-
phorylation is the principal mechanism involved in the
brown fat heat production during cold exposure [1]. How-Table 2
Inhibitory eﬀect of CAT, glutamate and BSA on palmitate-induced
decrease in membrane potential in liver and in skeletal muscle
mitochondria from control and cold exposed rats
Control rats Cold exposed
rats
Liver
% of palmitate-induced decrease in
membrane potential abolished by:
CAT 14 ± 1 29 ± 1***
Glutamate 86 ± 4 71 ± 1**
BSA 0 ± 0 0 ± 0
Skeletal muscle
% of palmitate-induced decrease in
membrane potential abolished by:
CAT 59 ± 4 74 ± 4*
Glutamate 41 ± 5 26 ± 3*
BSA 0 ± 0 0 ± 0
Values are means ± S.E.M. of eight diﬀerent experiments.
*P < 0.05.
**P < 0.01.
***P < 0.0001 compared to control rats.ever, calculations of the total heat production by brown
fat fail to account for all of the increased thermogenesis
in cold exposed rats [25]. The large mass of skeletal muscle,
as a percent of mammalian body mass, is suggestive of a
key thermogenic role for this tissue. In agreement, it has
been found that short-term (24 h) cold exposure increases
fatty acid-mediated thermoregulatory uncoupling, as well
as UCP3 protein content, in skeletal muscle mitochondria
[18]. However, similar information after longer periods of
cold exposure is lacking. Our results on skeletal muscle
mitochondrial respiration show that, after 15 days of cold
exposure, state 3 and state 4 respiration, using succinate
as substrate, ANT content, and COX activity were not af-
fected by cold exposure (Table 1). In addition, no diﬀerence
was found in UCP3 protein content after cold exposure
(Fig. 3). As for muscle mitochondrial eﬃciency in response
to cold exposure, both basal and fatty acid-induced proton
leak are altered, but in opposite way. In fact, we found that
a reduction in mitochondrial basal proton leak and an in-
crease in palmitate-induced proton leak (Fig. 2) accompa-
nied cold exposure. In addition, the recoupling eﬀect of
CAT signiﬁcantly increased and the recoupling eﬀect of glu-
tamate decreased after cold exposure (Table 2), suggesting
an increase in ANT activity. An increased ANT-mediated
uncoupling by palmitate has also been demonstrated in coldFig. 2. Kinetics of basal (A) and palmitate-induced (B) proton leak in
skeletal muscle from control and cold exposed rats. Results are
reported as means ± S.E.M. of eight diﬀerent experiments. Compar-
ison of non-linear regression curve ﬁts showed a signiﬁcant diﬀerence
in cold exposed rats, compared to controls (P < 0.01 for basal leak,
P < 0.0001 for palmitate-induced leak).
Fig. 3. UCP3 content in liver and skeletal muscle mitochondria from
control and cold exposed rats. Results are given as arbitrary units and
are reported as means ± S.E.M. of ﬁve diﬀerent experiments. 1, 3, 5, 7
and 9 control rats; 2, 4, 6, 8 and 10 cold exposed rats.
M.P. Mollica et al. / FEBS Letters 579 (2005) 1978–1982 1981exposed chicken skeletal muscle [26], probably due to a
transcriptional regulation by peroxisome-proliferator-acti-
vated receptor co-activator 1a [27].
From our results it appears that an increase in fatty acid-
induced uncoupling in cold exposed rats, together with in-
creased serum NEFA levels [4], may contribute to muscle
thermogenesis. The present result extend previous ﬁndings
[18], indicating that skeletal muscle mitochondrial uncou-
pling is not solely a rapid and transient response to cold
stress, but rather a part of that homeostatic mechanism,
which allows rats to thrive in a cold environment. In addi-
tion, the increased mitochondrial uncoupling showed in this
work occurs without any change in mitochondrial UCP3
protein content, in agreement with the ﬁnding of Lin et al.
[28], that the UCP3 mRNA level increases threefold after
24-h cold exposure and then returns to control values after
3 days in the cold. The decrease in basal proton leak in fa-
vour of increased fatty acid-induced uncoupling would have
the advantage of providing the mitochondria with a proton
leak pathway regulated by cytoplasmic unbound fatty acid
concentrations. Similar results have been obtained in an-
other condition of increased thermogenesis and elevated ser-
um NEFA levels. In fact, we have previously found that in
hyperphagic rats exhibiting diet-induced thermogenesis, a de-
crease in skeletal muscle mitochondrial basal proton leak oc-
curs together with an increase in fatty acid-induced
uncoupling [29]. It could be therefore speculated that the
above regulation of the two components of mitochondrial
eﬃciency could represent a general control mechanism for
skeletal muscle eﬃciency and thermogenesis.
Among the possible factors of regulation of liver and skeletal
muscle mitochondrial eﬃciency during cold exposure, the sym-
pathetic nervous system (SNS) and thyroid hormones could
play a role. In fact, SNS activity is increased in skeletal muscle
[12] but not in the liver [30] in rats chronically exposed to cold,
and a modulation of mitochondrial function in liver and skel-
etal muscle by thyroid hormones and SNS has been found
after 16 weeks of cold exposure [31].
In conclusion, our results show that mitochondrial energy
eﬃciency is diﬀerently regulated in skeletal muscle and liver
from cold exposed rats, so that only skeletal muscle plays a di-
rect thermogenic role, based on fatty acid-induced mild uncou-
pling of mitochondrial oxidative phosphorylation.Acknowledgements: The authors thank Dr. Emilia De Santis for skilful
management of animal house. This work was supported by Grant
MIUR-COFIN 2004.References
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